We study the formation of a surface relief grating and photoluminescence in a thin layers of a photochromic polymer doped with the luminescent dyes 3-(1,1-dicyanoethenyl)-1-phenyl-4,5-dihydro-1H-pyrazole and Rhodamine 6G. Surface topography measurements via Atomic Force Microscopy confirmed the existence of a surface relief grating with amplitudes as high as 650 nm both for doped and undoped photochromic polymers. Spectroscopic measurements carried out for polymers containing luminescent dyes have shown efficient photoluminescence and amplified spontaneous emission which is characteristic for gain media. 
Introduction
Recently, photochromic polymers with azobenzene side groups have become a class of photonic materials in which various periodic structures can be inscribed on the thin film surface by holographic methods. The periodic corrugation of the thickness (SRG -Surface Relief Grating) of the photochromic bottom layer in a two-layer system where the upper layer is a luminescent one can serve as a Distributed Feedback (DFB) resonator for organic DFB lasers [1] [2] [3] . The double layer structure used in these devices results in some limitations, like small refractive index contrast on the interface between the polymers, necessity of proper solvent selection for both polymers, and multistep fabrication. However, the single step fabrication process of a DFB laser can be achieved in photochromic polymers exhibiting efficient photoluminescence, as was reported by the group of Stumpe et al. in 2012 [4] . This demonstration of new types of laser devices has opened a new path in material science devoted to investigation and optimization of luminescent photochromic polymers and subsequently the laser action. In this article we study the influence of luminescent dopant on the process of selfdiffraction of light on holographically inscribed gratings in photochromic polymers containing the azobenzene side groups, and in the same system we analyze the amplified spontaneous emission (ASE) phenomenon.
Materials and sample preparation
For our study we prepared polymeric blends of 2,4-toluene diisocyanate azo-derivative in order to get holographically generated SRG in thin films deposited on glass substrates, due to the photochromic reaction mechanism initiated by laser light [5] [6] [7] [8] [9] [10] . The chemical structure of the investigated polymer is presented in Fig.1 (a) .
The full name of this polymeric compound is: poly[oxyethylene(6-[4-(biphenyl-4-azo)phenoxy]hexylimino)ethylene-carbonylimino(2-methyl-1,3-phenylene)iminocarbonyl]. To make the text more clear, we will use the shortened name of this compound: Azo-TDI. SRG for this material can be formed using the degenerated two-wave mixing experiment which has been already reported by Mysliwiec et al. [11] . The doping procedure of Azo-TDI was performed using the standard and well known laser dye Rhodamine 6G (Rh6G), whose chemical structure is shown in Fig.1 (b) , and the pyrazoline derivative: 3-(1,1-dicyanoethenyl)-1-phenyl-4,5-dihydro-1H-pyrazole (DCNP). The chemical structure of DCNP is presented in Fig.1 (c) . In order to incorporate dye molecules into Azo-TDI we dissolved the polymer and Dye (Rh6G or DCNP) powder in dichloromethane and mixed them together achieving 4 % concentration w/w of dye in polymer. The layer formation was preformed viaa casting technique, i.e. by spilling the liquid solution of a polymer-dye mixture on a glass substrate and leaving it to dry in ambient conditions for 24 h. The investigated samples were denoted as Azo-TDI:Rh6G, Azo-TDI:DCNP and Azo-TDI (the reference sample without luminescent dye). To determine the thickness of prepared layers we scratched them in their central region using a scalpel and measured the scratch profiles with Atomic Force Microscopy (AFM).
The estimated values of layer thicknesses for Azo-TDI, Azo-TDI:Rh6G, and Azo-TDI:DCNP samples were all around 3 microns.
Degenerated two-wave mixing
In order to study the influence of the dye dopant on the diffraction efficiency of holographically inscribed gratings we set up the degenerated two-wave mixing experiment (DTWM). To induce the SRG formation we used the light from an Innova 90 (Coherent) Argon ion (Ar+) laser working at λ = 514 5 nm wavelength. The SRG was inscribed by interfering two coherent laser beams, whose intensi- ties were equal to I 1 = I 2 = 320 mW/cm 2 , in the volume of the polymeric layer. The interaction of light with the photochromic polymeric layer caused SRG formation with periodicity determined by the angle between the two beams Λ = λ/2 sin(θ/2) [12] . The polarization of the recording beams was p-type, i.e. the E vector of incoming light was parallel to the beam incidence plane. In order to monitor changes in the temporal diffraction efficiency of the inscribed grating, we illuminated it with light of a He-Ne laser operating at λ H N = 632 8 nm and having the same polarization as the recording beams. At this wavelength the reference and investigated samples show very weak absorption. The light diffraction efficiency measured by a silicon detector connected to a power meter is defined as [13] :
where: P +1 is the power of the laser beam diffracted into the first order of diffraction and P 0 is the power of incident light. The scheme of DTWM experimental setup is presented in Fig.2 (a) . The topography of the polymer surface at the illuminated area was examined by an atomic force microscopy technique, using a Dimension V Scanning Probe Microscope by Veeco and working in a tapping mode. Diffraction efficiency (DE) (cf. equation 1) was mea- sured as a function of illumination time for the all investigated samples. For the undoped photochromic polymeric layer the maximum value of the diffraction efficiency was reached after around 55 minutes of exposure to the laser light intensity pattern (P 0 = 10 mW, beam diameter 2 mm). In the case of Azo-TDI:DCNP samples the dynamics of grating inscription seemed to be faster than for the Azo-TDI polymer and the maximum diffraction efficiency was reached after 40 minutes of the grating inscription process. For the Rh6G doped polymer (Azo-TDI:Rh6G), the dynamics of diffraction signal build-up is the slowest. In this case the maximal value of the diffraction signal was observed after around 80 minutes of grating inscription. In order to visualize the differences in the grating inscription dynamics we plot in Fig.3 the normalized diffraction signals as functions of time for all the investigated samples. Several factors influence hologram recording process and DE temporal evolution like: influence of the dopant on mechanical properties of a host polymer, its viscosity change and its surface morphology determining SRG. Dopants influence also optical properties of the system, i.e. change its refractive index and absorbance, which are crucial for establishing amplitudes of diffraction gratings in the bulk of polymer layer. More informative is the temporal evolu- tion of DE monitored in a "moving grating" experiment as was thoroughly discussed in Ref. [14] .
In our case the degenerated two-wave mixing experiments were conducted using laser beams with Gaussian spatial profiles both for grating inscription and DE probing. Thus, the absolute value of DE obtained in the experiment for different samples and their temporal changes werre averaged over the spatial distribution of grating being formed in material with the weight, whose distribution is also given by a Gauss function (reading beam profile: He-Ne laser). Due to this fact, the DE signals only confirm that the investigated samples are showing susceptibility to efficient holographic grating formation; they do not gives complete insight about the maximal amplitude of refractive index modulation of SRGs or their time constants For lasing applications very often only periodic modulation of the layer thickness is sufficient to induce Bragg light reflection conditions for the luminescent photons. Periodic modulation of the thin layer thickness leads to periodic modulation of the effective refractive index of a slab waveguide which is enough to induce feedback for waveguided modes. Therefore the next step of experiments was the measurement of the surface topographies of the investigated samples after holographic grating recording. In each case AFM scans have shown high surface relief gratings. The profiles of the SRGs and their three dimensional visualizations are presented in Fig.4 . In the case of undoped Azo-TDI polymer the amplitude of SRG was around A = 650 nm for the period Λ = 1820 nm after 60 minutes of exposure to the interference pattern. The Rh6G doped polymer showed a slightly higher amplitude A = 720 nm, however the grating recording process was terminated after 80 minutes. Almost the same amplitude was measured for Azo-TDI doped with DCNP and in this case the recording process was terminated after 60 minutes of sample exposure to the interference pattern. All of the measured SRG amplitudes are roughly similar and the differences of obtained values are related to the precision of the central area selection (crucial for Gaussian type spatial distribution of the SRG amplitude along the grating) for the AFM measurements both with layer thickness and dispersion.
Amplified spontaneous emission measurements
For the observation of Amplified Spontaneous Emission we arranged an experimental set-up that consisted of a Nd:YAG nanosecond pulse laser (Continuum Surelite II) serving as an excitation source. The parameters of the optical excitation in ASE experiment were as follows: operating wavelength λ Y AG = 532 nm, pulse duration τ = 6 ns, and repetition rate = 10 Hz. In order to keep the polarization of pumping light perpendicular to the emission di- rection, a half-wave plate was inserted at the output of the Nd:YAG laser. A cylindrical lens was then used to form a stripe-like shape of the excitation area of 0 2mm ×3 0 mm in size. The emission spectra were collected from the edges of the polymeric films by an optical fiber connected to an Ocean Optics USB 2000 fiber spectrometer working with the spectral resolution around ∆λ = 4 nm. The described experimental setup is presented in Fig. 2 (b) . Spectroscopic measurements were carried out with the use of a Hitachi F -4500 spectrofluorimeter in the range of visible light. The spectral resolution of the system was kept to be around ∆λ = 1 nm. Excitation and emission spectra showing a broad band photoluminescence in the visible light region were measured for an Azo-TDI:Rh6G sample. The emission band occurs between wavelengths 550 -700 nm with maximum situated at λ = 614 nm. The full width at half maximum (FWHM) was measured to be λ = 50 nm. The wavelength of excitation was selected by monochromator to λ = 500 nm and the FWHM of the exciting beam was equal to 10 nm. The excitation spectrum was obtained by monitoring the intensity of emission at wavelength λ = 630 nm while the excitation light wavelength was changing from 320 to 590 nm. The experiment has shown a broad complex excitation band which covers visible light region from 350 to almost 590 nm with the maximum situated at wavelength λ = 586 nm. Comparison between the normalized excitation and normalized emission spectra is presented in Fig.5 . The next step for the measurements was to check if population inversion and gain could be achieved in an Azo-TDI:Rh6G sample. The experiments conducted in the experimental setup presented in Fig. 2 (b) confirmed such a possibility. The polymeric layer served as the slab waveguide so the effective refractive index of the layer for emitted light had to be slightly higher than that of the substrate = 1 51. In fact, the refractive index of Azo-TDI:Rh6G in the range of interest should be increased with respect to pure Azo-TDI due to the vicinity of Rh6G absorption band and the Kramers-Kronig relations [15] . The ASE peak was observed at the wavelength λ = 618 nm when the layer was illuminated with 532 nm Nd:YAG laser light with intensity higher than I = 750kW/cm 2 , which is the ASE threshold level for this system. This value is comparable to that observed in other typical dye doped polymeric materials, like PMMA doped with Disperse Orange, DNA-CTMA doped with Rh6G [16, 17] , or conjugated polymers like DOO-PPV [18] . The narrow peak of the ASE (FWHM = 7 nm) is shown in Fig.5 with a black line. The position of threshold intensity for the Rh6G doped polymer is presented in double logarithmic scale of ASE intensity versus excitation light intensity in Fig.5 as an inset.
For the Azo-TDI:DCNP sample ASE occurred at wavelength λ = 646 nm with F W HM = 12 nm over the threshold level estimated to I = 1MW/cm 2 . An ASE spectrum for this sample is shown in Fig.6 .
The inset presents the ASE intensity dependence on the pumping light energy density. The higher threshold level for the DCNP doped layer can be explained by weaker absorption of the Nd:YAG laser line for this compound. However, nothing is known about the luminescence quantum yield for this compound.
Conclusions
In conclusion, holographic gratings have been recorded in photochromic polymers doped with two different luminescent dyes without significant reduction of diffraction efficiency as compared to the undoped polymer and without significant impact on surface relief grating amplitudes. Construction of a DFB single layer laser in such system is possible but requires further study and optimization of grating inscription. However, SRG and ASE occurrence in the same material opens the possibility of construction of such devices. The results presented have shown that formation of surface relief gratings (SRGs) in azo-polymer containing luminescent dyes is equally effective as in those without dye. Influence of the dye is proportional to its content and only negligibly changes the SRG amplitude and refractive indices of the host polymer. This is very important and encouraging information for further studies of such type of host-guest systems for construction of organic tunable DFB single layer lasers.
